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The curves of figure 10(a) are in error because of the use of the

incorrect root chord in conversion of the results to the form given in
the figure. All curves of figure 10(a) should be corrected by multi-

plying the ordinates of the curves by the factor 0.865. e

The term "uniform geometric twist," as used in this paper, is P

defined as that twilst which 1s glven by connection of constant-percent- PoA

chord stations of the root and tip ailrfoll sectlions by straight lines. e

The querter-chord line of the swept-back wing has no dihedral.
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NATIONAL ADVISCRY COMMITTEE FOR AERONAUTICS

TECHNICAYL NOTE NO. 1351

COMPARISON BETWEEN THE MEASURED AND THEORETICAL
SPAN ILOADINGS ON A MODERATELY SWEFT-FOERWARD
AND A MODERATELY SWEPT--BACK SEMISPAN VING

By Robert A. Mendelschn snd Jack D. Brewer
‘SUMMARY

An investligstion has been conducted in the Langley sta'bility
tunnel on two semispan swept-wing modslg — ome swept forward 12°
and the other swept back 23° at the quarter—chord line — in order
to determine experimentully the span—load dlstributlons and to
compare the experimental with theoretical resultsd In addition, 1ift,
drag, pltching moment, asnd stalling cherecteristics were determined.
In order to check the validity of the semispan tests, the full-span
swept-back wing from which the semlispan model was made was first
tested in the Langley propeller-research tummel. A comparison
between spen loadings obtained from the deta of the two wind tunnels
and those calouwlated by lifting—-line and lifting-surface theory
indicated that differences hetween the results from the two wind
tunnels, though small, wers as great as the differences between
the results from the lifting-~lins and.lifting-surface calculatlons.
The theoretical curves approximated the experimental curves within
the accurascy nscessary for engineering calculations,

The experimentel resuwlts indicated that & small loss in load,
presumzbly caused by the tunnel-srall boundary layer, occurred near
the root for both semispan wings. Because of this loss in load and
because of distortions in the chordwise loeé.ing near the root, semispan
tests of highly swept wings may give errore in pitching moment The
asrodynamic centers of both semispan wings were fdund to move forward
at high 1ift coefflicients. ailless swept-wing airplene; similar
to the wing used for these tes 8, mAay therefovre become longitudinaslly
ungtable et high 1ift coefficiénts. Profile-drag meesursments
indlcated an appreociadble outflpw of the boundary layer on the swep'b—
back Wingc . )
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INTRODUCTION

A great amount of work has been done to determine span~loading
characteristics of swept wings from purely theoretical considerations,
and many computation methods are now available, some based on lifting-
line theory and some based on lifting-surface theory. These methods
glve the span loading to variocus degrees of accuracy, depending on
the assumptions made, which in turn govern the amount of labor
expended to obtain a solution. The purpose of this investigation was,
therefore, to compare theoretical span—loading results with measured
values to determine the practicability of using the simpler computation
methods on wings having moderate amcunte of sweep.

. Tests were conducted in the 6~ by 6~foot section of the Langley
gtability tunnel on two models -~ & sémispan wing swept forward
12° and a semispan wing swept back 23° — in order to determine
span loading, 1ift, drag, pitching moment, and astalling charac—
teristics. The semispan swept—-back wing was the left panel of a
full-span swept—back wing that had previously been tested in the
Langlsy propeller-research tunnel. (See appendix.) The teats
described in the appendix were conducted on the ewept—back wing alone
and on the same wing with a center plate and spoiler which simulated
the boundary layer on the tunnel wall for the semispan tests. The
purpose of the full-span tests was to determine the effect of the
tunnel-wall boundary layer on the span loading of the semispan model.
The spanwise variation of profile drag was also determined in the
full-span tests, Date from the tests described in the appendix are
included herein for comparison, '

The test models had no elevons but, by integration of pressures,
generalized curves of the variation of hinge-mament coefficient with
angle of attack were caloulated for several assumed elevon plan forms,

SYMBOLS

The coefficients and symbols used are defined as follows:

Cy, wing lift coefficient (L/qS)
cy 1ift coefficient at a section (1/gc)
Cla additional 1ift coefficient at a section

1 basic 1ift coefficient at a section (L, = Q)
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Cp
cdo
Cy
Cm
Ch

w B ¥ & U

L)

wing drag coefficient (D/qS)

profile-drag coefficient at a section (d/ac)
wing pitching-moment coefficient (M/qSc?)
pitching-moment coefficient at a section (m/qc?)

elevon hinge-moment coefficient at a section
1 ch
—_— P (x-x3) dx
(;aQ X1 ( 1) ‘>

, L Jo
elevon hinge-moment coefficient (}_% Jp caech dé)
Ca Py U¥i

rate of change of elevon hinge-moment coefficient with
angle of attack (oCp/ox)

pressure coeffiCiént <?—-E559

rate of change of pressure coefficient with angle of
attack (OP/3a)

pressure-coefficient increment resulting from an
angle—of—attack change from 0° divided by the
angle—ocf—attack change

wing 1ift

11ft at a section

wing drag

profile drag at a section

wing pitching moment about &/4

pitching moment about c/b at a section

wing aree

gpanwise distance normal to plane of symmétry'

spanwige distence from plane of symmetry to inboard
end of elevon
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Yo spanwise distance from plans of symmebry to outboard
end of elevon

b wing span normal to plane of s&mmetrj

bg elevon span normal to plane of symuetry

x distance frbm.ieading edge aiong chord line

Xy distance ffdm leading edge of wing to chord line of
assumed elevon hings axis , )

c local wing chofd perallel to pléne of symmetry

g meanfaerodynamig wing chord’

Cg wing root chord

Ca local chord of assumed elevon parallel to plane of’
symmetry

Sy root-mean-square chord of assumed elevon

q free—stream &ynamic pressure (%pv?)

) ¢ local static_pressure

Po free-stream static pressure’

v free—stream velocity

) density of ailr

a angle of atback, measured at root sectlon

APPARATUS AND METHODS

Models

Iwo semispan tapered wing models were used for the tests, one
having 12° sweepforward of the quarter—chord line with no gecmstric
twist and the other having 23° sweepbagck of the guarter—chord line
with ~4° uniform geometric twist. Both models were constructed of
laminated mahogany and had 25 pressure orifices spaced at canstant
percentages of the local chord for esach of ninse gpanwise stations.
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(See-fig. 1.) The swept—back wing is the loft panel of the model used
for.the tests described in the appendix, except that an additional row
of orifices was -installed 1 inch from the root sectlion, and the model
was bompletely refinished.

Some geometric constants for tﬁe models ares;. -

Swept—forward wing Swept—back wing

Area of full-span wing, sq £t + + « « & 16,72 13.55
Wing span, £+ (full spsn) « « « « o « « 10.10 10.10
Mean aerodynamic chord, £t + s ¢ o « o 1.81 1.5
Agpect ratio « ¢« » ¢« « & N L I 6.10 " 7.51
Taper ratio e 8 s & 8 8 9 e e e+ v s 0w 0.327 0.2}43
Sweep of quarter—chord line, deg .« « -12 23
Uniform geometric twist (washout), deg o .- k4
Root airfoil section + o s » « » + » » NACA k415 - NACA 4418

Tip airfoll gection « « « o o4 = » + + NACA 4412 NACA 4418

Installafion and Tests

- Bach model was mounted horizontally (with zero dihedral) on the
plde support of the tunnel balence frame, completely free from the
tunnel wall except for a flexible seal used to prevent flow through
the gap between the tunnel wall and the wing support block, (See fig. 2.)

In order to allow movement of the part of the wing that extended
beyond the tunnel disk, the swept—forward wing had = gap of approximately

inch left unsealed between the tunnel wall and the rcot sectiqn,pehind

the 67-percent—chord point. For the swept—back winz, a similar gap wes
left unsealed forward of the l7-percent—chord point.  Check tests were
made on the swept—back wing to determine whether the ‘fabric seal and
open gep affected the loeding near the root section. For these tests,
plasteline was used to seal all gaps and to continue the wing contour
to the tunnel wall.

Because the wings werse expected to deflect under load, a determina—
tion of the wing twist was msde. For the aswept—forward wing, the twist
was calculated by a method using the measured span loading and the known
wing rigidity as determined from static tests. For the swept-back wing,
the spanwlse variation of twist. of the wing under load was determined
by measuring the displacement of beams of light reflected from mirrors
mounted on the wing.

Span—loading, force, and tuft tests were made for this investi-
gatipn at a dynamic pressure of 98.3 pounds per square foot for angles
of attack up to and including 9°, and at a dynamic pressurs of 39.7
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pounds per square foot for angles of attack from §° through the stall.
These dynemic pressures correspond to airspeeds of 196 miles per hour
and 124.6 miles per hour, respectively, under standard sea—lovel
atmospheric conditions. For the same speeds, Reynolds numbers for the
swept—forward wing, based on the mean aerodynsmic chord of the model,
were 3,31 X 106 and 2,10 X 10° and Reynolds numbers for the swept-back
wing, based on the mean aerodynamic chord of the model, were 2,77 X 10°

and 1,76 x 105, No turbulence factor was used in the caloulation of
Reynolds numbera because the turbulence level in the stability tunnel
is very low. o ’ ' : ’

 CORRECTIONS

The force and moment coefficients and the angle of attack were
corrected for the effscts of the tunnel Jet boundaries by the general
method given in reference 1. In addition, corrections were applied
to the angle of attack for model deflections. Because the angle—of—
attack correction for Jet boundaries and model twist varied along the
span, the ccefficlents at sach section were corrected for conditions
at each section. For the force tests of the wing, the angle of attack
was corrected by an average valus, welghted according to the chord.
The angles of attack shown on the pressure-distribution plots are the
average wing angles of attack, because the pressure'distributions_are
presented as meagured and are for the nonrigid models. No corrections
woere applied for the effects of the tunnel~wall boundary layer or for
the clearance gaps between the root. section and the tunnel wall,

The equations used in correcting the force data for jJet boundary
and model deflections were: L '
Swept—forward wing:

[¢1

it

ay + L7170, = 0.02; q = 39.7 1b/eq £t

a
1

= oy + 1.8§30LU - 0.05; g = 98.3 1b/eq £t
CL ='C_§I‘U

= COpy + 0.01760C, 2
Cay; + 0.0013Cr;

[w}
[

£

.
B
]
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Swept~back wing:

@ = ay + 1.1320r, - 0.02; q = 39.7 1b/sq £t
& = ay + 0.9230LU — 0.0k q = 98.3.lb/sq'ft
CL = CLU
. 2

Cn = Cmy

where the subscript U denotes utncorrected values.

The maximum 'twist correction near the tip at & dynamiq pressure
of 98,3 pounds per sguare foot and at an angle of attack of 9° was
0.54° for the swept—forward wing and 0.77° for the swept-back wing,

PRESENTATION OF RESULTS

Pressure distributiong.— The measured section pressure distri-
butions are presented in figures 3 and 4. In order to cbtain & better
estimate of the presswre distributions corresgponding to a rigld wing
in fres alr, cross plots of pressure coefficients at several chordwise
locations for each spanwlse station were made against corrected angle
of attack, From these plots, the parameters P, and AP/Ax were
determined. (See figs. 5 and 6.) These pressure distributions deviate
slightly from free—air conditions since, although the chordwise load
was corrected for the effsct of Jet dPoundaries, there was no correctioh
for the distortion in the load cauvsed by induced csmber. Except for
this approximation, free-air pressure distributions can be estimated
from figures 5 end 6 for angles of atback up to 129 by the following
relations: ‘ '

P = afPy) + P(ago)

Peaffl) 4 P(a='0)

Span loading.— The pressure distributions at each section wers
integrated to obtain normal-force coefficients, chord—force cosfficients,
and pitching-moment coéfficients. The 1lift coefficients at each section
were calculated and, together with the pitching-moment coefficients at
each section, are plotted against corrected angle of attack in
figures 7 and 8.

or
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Loading dlagrams corresponding to & rigld wing in free alr were
obtalned by crose-plotiing the lift curves at each section at constant
angles of attack. (Sée fig. 9.)

The parameter representing the rabe of change of additional
loading wlth 1ift coefficient ccla/chs was cobtained from a plot

of ccy /cs against Cp. Flgure 10 shows this additlonal loading

and the basic (or zero 1ift) loading. For the linear range of 1ift
coefficient up to Cp = O. 8, the totel loading on eithor wing may be

obtalined by the equation

‘oc cc ce

1
-—-?-: b+c ——-}-é
Cq Cq CLGB

. The basic and additional loads for the swept-back wing, as deter—
mined from the Langley stabllity and propéller-research tunnels, are
compared in figure 10(b). Included in this figure are theoretical
basic and addlitionsl loadings computed by the liftling-line theorles
doscribed in references 2 and 3, respectively, neither of which
accounts for sweep, and also an addlitional loeding computed by the
lifting-surface theory described in reference L4, which takes sweep -
into account,

- Elevon characteristica.— The elevon.hings-moment coefficient at

each section c¢p was computed by Integration of the moasured pressures.
The values of ¢y wore thon plotted. against spanwise location and
irftegrated to determine C,, for two typical elevans. The constant—

chord elevon (¢, = 0,1683)  extends from the 36.4-percent. section
to the T7l-percent section. On the ewept~back modsl, this elevon
closely resembles that currently uscd on a tailless alrplane., The
constant—percentage—chord elevon (cg = 0.200c) extends from the

UYO-percent-span section to the tip. (See fig. 11.) The elevon hinge—
moment parameter Chm wag determined for various elevon spans and

locations (see fig. 12) by appropriatelv integrating the P_—curves
(figs. 5 and 6).

Force tests.— Force and moment—coefficient deta from the wind—
tumnel balance readings are given In figure 13 for the swept-—back and
swept—forward wings. The date are plotted ageinst corrected angle of
attack. : o

Profile—drag characteristics.~ The spanwlse verlation of section
profile—drag coefficient for the swept~back wing, measured in the
Langley propsller~research~tunnel tests (see appendlx), is shown in
figure 1L,
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Stall patterns.— The flow conditions over the wing at varlous
angles of attack are shown by figure 15. The stall patterns wers
determined from photographs of tufts attached to the upper surface of .
the wings. ,

DISCUSSION

”

Pressure distribution.— The pressure distributions of figure 4
show Irregular resulis for the original tests of sections H and I
for the swept-back wing. After the tests had been completed, photo—
graphs taken to record stall patterns revealed that the fabric seal,
which was used to prevent leakage between the model and the tunnel
wall, had bulged Inward; hence the local velocitles near the root
region were presumsbly changed. Check tests on the swept—back wing
having plasteline to fair the wing contour to the tunnel wall indiceted
that, although the chordwise pressure distribution was distorted by
the seal, the total load remained the same. The check tests also
indicated that very little loss in loading was caused by the %—inch

clearance gap between a part of the wing root and the tunnel wall and
that a distortion of the inboard leocad occurred with e fabric seal
regardless of whether 1t bulged into the alr stream. ‘

Span loading.— For the swept—forward wing, a comparison of the
measu¥ed additional loading with the lifting-line loading, as '
calculated from reference 3, shows very good agreement except near
the root section where a loss in load is indicabted by the test data.
(See fig. 10(a).) Insemuch as the wing had constant camber and no
gecmetric twist, theory would indicate a zero basic loading; however,

a smaell baslc loading was indicated by the measurements. This apparent
basic loading may be caused by construction irregularities, dboundary-—
layer effects, and errors in correcting for twist due to load.

The results for the swept—back wing show a loss in additional load
near the root similer to that found for the swept-forward wing. This
loss was not shown by the full-span data of the tests described in
the eppendix, even when the tunnel wall was simulsted by g center plate
but, since no messurements were made for 575 stations less than 0.10

in thet investlgation, it is possible that the loss in load occurred but
was not measured. For highly swept wings, semispan tests may give errors
in pitching moment about the aerodynsmic center because of distortions
in chordwise loading near the wing root and because of changes in span
loading caused by tunnel-wall boundery-layer effects. Unpublished date
of the span loading over a two-dimensional wing completely spamning a
tunnel test sesction indicate that a loss in load of approximately

5 percent may have been caused et section I by tunnel-walli boundary—
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layer effects. The present swept—back-wing teste indicate a higher
outboard loading than is shown by the tests described in the appendix

or by lifting-line or lifting-surface theoory. This apparent discrepancy
is partly caused by the necessary vertical shift in the load curve to
obtain a uniform total area even though a loss in load ocours near the
root. The differences hetween the two test results are as great as the
differences between the theoretical curves. The theoretical curves
approximate the experimental onee within the accuracy necessary for
engineering calculations. - The 1lnduced drag corresponding to the various
loadinge are all very similar as shown in the following tables -

Source = ' Inducedédrag-coefficient caused
of span loading’ o by additional loading’

Present swept-back-wing date c e e e s e e e s e e . O.0k27CLE
Appendix 468t 4at8 « v v 4 4 e b 4 b s e 0 0 b W e e e '0.0h320£2
Lifting-line theory . . . & A N o.eh360L2'
LiLting-surface theory o ee o « o o + s s « s o o o+ o o 0.05290;2

The difference in the results of the two sets of teste may be
attributed to differences in tunnsl-correction methods, possible
tunnel-wall boundary-layer effect, chenges caused by refinishing )
the model after the tests described in the appendix, the accuracy
with which ‘a span loading .can be determined from pressure meagure~
ments, end differences in air—stream engularity..- :

The basic loading computed by liftinebline theory indicates a
greater load due to- geemetric twist than s shown by measurements.

Elevon characteristigg.—-The variation of elevon hinge mement

- with angle of attack (fig,-1l) shows that, for both wing models, there
1s a large increase in the tendency of the elevon to float with the
wind at angles of attack above 4°, Stick~force reversal mey there—
-fore occur on a tailless sweptpwing airplane with elevons having the
aasumed - dimensions, .

The thicker boundery layer near the tip, the large trailing—edge
angle, and the sweep causeé a reversal of the P, -curves near the
trailing edge. - (See figs. 5 and 6.) Plain elevon characteristics
estimated from pressure integrations thus indicate that smali~chord
elevons on this swept~forward or swept—back wing have a positive Cha
(See fig. 12.) With an. increase in elevon chord, Chm becomes more

negative, but with en increase in elevon ‘gpan, Chm' changes lLittle,
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Balence data.— From the force and moment date (fig. 13), it vas
found thet the aerodynamic center of the swept—forward wing remained
at 22.1 ggrcent of the mean aerodynamic ehord for lift ccefficients
up to 0.80 end moved forward for higher 1lift coefficients., For the
swopt-back wing, the serodynamic center remained at 28,2 percent of
the meean aserodynamlic chord for 1lift coefficlents up %o 0.28 end moved
forward for higher 1ift coefficients. Thus, a swept—back tailless
airplans of “this’'pldil form may becoms longitudinally unstable at high
11t coefficlents. ™This characteristic is also shown by ihe stalling
petterns of figure 15. Because of the sweepback, stalling begins near
the tlp reglion end progresses inward, Inasmuch as the tip-reglon 1s
behind the-moment cemter, decreases in loading produce more positive
pitching moménts.

Inciuded in figure 13{b) is a comparison between the 1ift curve
taken from the data of the tests described in the appendix and the
present swept-back semispan wing tests. Good agreement. is ghown..
Pressure integration for wing forces end moments gave results wvhich -
compared very well with balance readings. T

Profile-drga characteristics.— As shown in figure 1h, the
measured section profile—drag coefficlents for the swept~back wing
are lowest near the center of the wing and increase as the distance: '
from the center incresses. If the variation in locel angle of attack
. caused by wing twist and the spanwise variation in Reynolds nuber
were token into account, an increase in profile drag toward the tip
would be expected, but the magnitude of the increase showmn by the
tests indicates an appreciable. outfloy of, the boundary layer.

Stell patterns.— Figure 15 shows the®% there is an inflow of air
over the swept—forward wing, causing inboard stall, and an outboard
flow over the swept—back wing, causing outboard stall. The progreasion
of stall shown by these diagrams are probably influenced to some exbtent
by Jot-boundary effects, constriction effects, and model twist,

CONCLUSIONS

An Invegtigation has been conducted in the Langley stability
tunnel on two semispan swept-wing models, one swept forward 120_
end the other swept back 23° at the quarter-chord lins, in order
to determine the span~load dlstributions and to compere the oxXpori-—
mental and theoretical results. The full-span swept-back-wing
model from which the semispan model was made wes first tested
in the Langley propeller-res¢erch tumnsl in ordsr to check the
velidity of the semispan tests, B



12 NACA TN No. 1351 .

The results of these tests indlcate the following conclusions:

1. Although the differences between span locadings determined
from tests in two wind tunnels were small, they were as great as
the differences between span lpadings determined from a lifting—
llne and lifting-surface theory. The theoretical curves approxi-
mated the experimental ones within the accuracy required for
englneering calculations,

2. A small loss in load s DPresumably caused by:the tunnel-wall
boundary layer, occurred:near the root for both semispan wings.,
Because. of | this loss.. in load and because of distortions'in the chord-
wise loading near the root, semispan tests of highly swe:S*b vings may
give errors in pitching moment,

3. The aer_odynamic center of both semispen wingse moved forward
at high 1lift coefficients, A taillese swept-wing airplane, similer
to the wing used for these tests, may therefcre become longitudinally
unstable at high lift coefficients.

L, Profile-drag measurements indicated an appreciable outflow
of the boundary-layer on the swept~back wing.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeromautics
Langley Field, Va., August 8, 1946 -
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APPENDIX
WIND-TUNNEL INVESTIGATION OF THE LOAD DISTRIBUTION ON A FULL-
SPAN SWEPT-BACK-WING MODEL

By Carl A. Sandshl

Because several semispan wings that were large with respect to
the tunnel throat were to be tested, and because of the possibility
that & tunnel-wall boundary layer would affect the span loading, one
of the models was tested in a larger tunnel to obtain data which
could be compared with the semispan data to show possible changes
caused by testing methods., .This preliminary investigation was
conducted in the 20-foot Langley propeller—résearch tunnel with a
10.1-foot full—-span swept—back-wing model. Tests were made with
and without a center—plate spoller arrangement attached to the wing
in the plane of symmetry. A spoiler deflection which simulated the
boundary-layer displacement thickness for the semispan tests was
used., A photograph of the test arrangement is shown in figure 16.

The left pansl of the wing model was completely refinished and
equipped with an additional row of orifices 1 inch from the model
center line for the swept—back wing semispan tests.

The tests in the Langley propeller—research tunnel were run at
approximately 100 miles per hour, which corresponds to g Reynolds
number based on the mesn aerodynamic chord of 1.30 X 10°. The wing
angle of attack and the drag coefficients were corrected for Jet—
boundary interference; the variation in Jet—boundary induced angle
across the span was small enough to be neglected. A determination
of the section profile drag was made from wake profiles at a number
of spanwise stations 20 percent of the local wing chord behind the
trailing edge.

The span loadings Ffor the wing alone and for the wing equipped
with center plate and spoiler were determined for verious angles
of attack. It was found that the epoller extension which mosi
clogely simulated the boundary lsyer for the semispan tests had very
little effect on the basic or additional-load disbribubion, It is
noted that no pressure measurements were made on the inboard 10 percent
of the span and that the load curve was extrapolated to zero slope
at the center of the wing.
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(a) Swept-forward wing. Front view,

Pigure 2.- View of sweptwing models in the 6- by 6-foot
section of the Langley stability tunnel.
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{c) Swept~back wing. Front view.

Figure 2.~ Contlinued.
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{d) Swept-back wing. Rear view.

Figure 2.- Concluded.
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Figure 3.- Continued.
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(b) a, 0.5%; q, 98.3 pounds per square foot.

Figure 3.~ Continued.

Section |
/ H G A F s £
/%( \ i i 10 / L /—(,/a,oersurlfme
// b lr (\--A (\\R\"\ H ?\m \'\\
! i ' \\ \\. l’, \ e
[T\\ !/ %\\K :4I \\‘\\ / \ N II - \\‘;\
/ \\‘__\ I \"—nl'# ] “\.&1.\__ Sl | \
| O N A
| f |
" ]
o 1Y o g
0 2o 40 .60 .80 [1o0 NATIONAL ADVISORY

GOMMITTEE FOR AEROWANTICS

TGET 'ON NI VOVN

ag *3rd




Fig. 3b conc. NACA TN No. 1351
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Figure 4.- Measured chordwise pressure distributlons over swept-back-wing model.
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Flgure 4.- Continued.
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NACA TN No. 1351 Fig. 5a
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Figure 5.- Curves for determining pressure distribution
over the swept-forward wing tested.
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Fig. 6a NACA TN No. 1351
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Figure 6.- Curves for determining pressure distribution
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(a) Swept-forward wing.

Figure 12.- Variation of elevon hinge-moment parameter,
Cha , With elevon location.
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(a) SBwept-forward wing.

Figure 15.- Stall patterns of the sweptwing models.
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